Bilateral amygdala (AM) lesions prevent the acquisition of fear-related conditional responses (CRs) in rats, a result that is most commonly concluded to reflect a learning or memory deficit. An alternative hypothesis is that AM-lesioned animals fail to acquire certain fear CRs simply because they cannot perform these behaviors. This performance-deficit hypothesis is usually invoked in regard to studies in which the CR is freezing, the most commonly measured behavior. Here we explore this interpretation by measuring two different behaviors [freezing and 22 kHz ultrasonic vocalization (USV)] elicited under three conditions (during context conditioning, during subsequent retention testing, and after ejaculation) in experimental rats [that received electrolytic lesions of the central nucleus of the amygdala (ACe)] and control animals (that received a sham operation). If ACe damage produces a discrete motor deficit that specifically renders the animal unable to remain immobile, then freezing should be blocked or impaired when elicited under all three conditions, whereas USV should be spared. Alternatively, if ACe damage selectively interferes with CR formation, maintenance, or expression, then both freezing and USV should be blocked or impaired when elicited as CRs during acquisition and retention testing but spared when evoked as unconditional responses (URs) to ejaculation. ACe damage blocked or severely impaired both freezing and USV elicited as CRs but had no effect on either behavior elicited as URs. We reject the motor-deficit hypothesis and discuss some viable alternatives.
Introduction
Conditional fear responses can be acquired when an aversive unconditional stimulus (US) is paired with a conditional stimulus (CS), which can be a discrete cue or a context. After one or more CS-US pairings, the CS alone may come to elicit a set of conditional responses (CRs) that reflect species-typical defensive behaviors Blanchard, 1969, 1972; Kim et al., 1993 ). An accumulating body of evidence suggests that circuitry within the amygdala (AM) or a closely related structure is necessary for some aspect of the formation, maintenance, or expression of these CRs (Fanselow and LeDoux, 1999; Maren, 1999; LeDoux, 2000; Lee et al., 2000; Choi et al., 2001) .
In addition to receiving both CS-and US-related information, the amygdala sends projections, via its central nucleus (ACe), to motor regions that are directly responsible for organizing the production of many defensive CRs (Kapp et al., 1979; LeDoux et al., 1988; Canli and Brown, 1996; LeDoux, 2000) . In one neurophysiological model (Faulkner et al., 1997; Tieu et al., 1999; McGann and Brown, 2000) that captures several aspects of current thinking (Fanselow and LeDoux, 1999; Blair et al., 2001) , CS-US pairings create CS-CR pathways by inducing associative longterm potentiation (Levy and Steward, 1979; Barrionuevo and Brown, 1983; in the amygdala (for review, see Brown and Lindquist, 2003) .
The question of whether "fear memories" are actually stored within the amygdala has been debated extensively. Several investigators have presented data and arguments challenging all claims that the amygdala contains the essential circuitry that encodes fear memories (Cahill et al., 1999 (Cahill et al., , 2001 . One source of controversy centers around the interpretation of amygdala lesion effects on freezing, the most commonly studied Pavlovian CR to aversive conditioning. According to what could be termed the motordeficit hypothesis, the reason that amygdala lesions (particularly lesions of ACe) block freezing as a CR is not because they disrupt the essential memory circuits for fear.
Instead, the deficit is proposed to result from the simple fact that the rats are physically unable to execute this particular behavior (Cahill et al., 1999 (Cahill et al., , 2001 ). This motor-deficit hypothesis can explain certain task-related differences in the literature regarding the effect of amygdala lesions on aversive conditioning. In particular, AM lesions can block freezing as a Pavlovian CR but spare passive avoidance behavior, an instrumental response to aversive conditioning (LeDoux et al., 1990; Kim et al., 1993; Vazdarjanova and McGaugh, 1998; Cahill et al., 1999; Vazdarjanova et al., 2000) .
Here we explore the motor-deficit hypothesis by measuring two different behaviors [freezing and 22 kHz ultrasonic vocalization (USV)] elicited under three conditions (during context conditioning, during subsequent retention testing, and after ejaculation). If ACe damage produces a specific motor deficit that renders the animal unable to remain immobile, then freezing, but not USV, should be blocked or impaired when elicited under all three conditions. In contrast, if the damage specifically interferes with the formation, maintenance, or expression of CS-CR connections, then both freezing and USV should be blocked or impaired when elicited during acquisition and retention testing but not after ejaculation.
Materials and Methods
Design and analysis. Freezing and 22 kHz USV have been most commonly studied as defensive reactions to threatening stimuli (Anderson, 1954; Blanchard and Blanchard, 1969; Blanchard et al., 1991; Brudzynski and Barnabi, 1993; Antoniadis and McDonald, 1999) . The present experimental design makes use of the fact that both responses also occur reliably after ejaculation (Barfield and Geyer, 1972; Barfield, 1975; Van der Poel and Miczek, 1991) coupled with our preliminary findings that ejaculation-elicited freezing and USV are indistinguishable from CSelicited freezing and USV at the level of analysis performed here (our unpublished observations).
Sham-operated control and ACe-lesioned rats were compared, in terms of mean levels of responding, in each of the three eliciting conditions: during acquisition, after ejaculation, and during retention testing. A subset of the animals that underwent context conditioning after surgery were also tested for ejaculation-elicited freezing and USV before and after one-half of them received ACe lesions and the remainder received a sham operation. To help illuminate the critical circuitry, we also examined the correlation matrix for levels of responding across the eliciting conditions.
Subjects. Data were collected from 34 experimentally and sexually naive male Sprague Dawley rats (Charles River Laboratories, Kingston, NY) weighing ϳ350 gm at the time of surgery. Fourteen of these animals additionally participated in the mating experiment, which also used 12 ovariectomized female rats. All rats were individually housed on a 12 hr light/dark cycle (light on at 7:00 A.M., lights off at 7:00 P.M.) with ad libitum access to food and water. Fear conditioning and testing sessions were performed during the light cycle. Mating tests were performed during the first and the second quarter of the night cycle. Animals were handled daily for ϳ30 sec/d for a minimum of 3 d before the experiment and also after the surgery. All of the following procedures, including surgery and postoperative care, were in strict compliance with the Yale Animal Resource Center guidelines.
Surgery. Subjects were anesthetized with ketamine (90 mg/kg, i.m.) and xylazine (10 mg/kg, i.m.). Petroleum-based ophthalmic ointment was applied to both eyes to prevent the cornea from drying. Body temperature was maintained by a heating pad (Braintree Scientific, Braintree, MA) for the duration of surgery. All surgical procedures were performed under aseptic conditions. Eighteen of the 34 rats, including seven that were also used in the mating test, received bilateral ACe lesions. Two lesions were made in each hemisphere using the following stereotaxic coordinates: Ϫ1.5 anteroposterior, 4.3 mediolateral, 8.2 dorsoventral; and Ϫ2.4 anteroposterior, 4.3 mediolateral, 8.5 dorsoventral (from bregma and the top of the skull for each side). The lesions were made by passing 1.0 mA anodal DC (DC LM5A lesion maker; Grass Instruments, West Warwick, RI) for 12 sec through epoxy-coated insect pin (#00) with 0.5 mm of the tip exposed. The remaining 16 animals, including seven that participated in the mating test, received a sham operation in which the lesion electrode was advanced to 1 mm above the target structure but no current was passed.
Apparatus and measurements. Fear conditioning and testing were done in a chamber (modified from rat test cage; Coulbourn Instruments, Allentown, PA) with inside dimensions of 28 ϫ 25 ϫ 50 cm (length ϫ width ϫ height). The conditioning chamber was contained within a sound-attenuating cubicle with inside dimensions of 90 ϫ 60 ϫ 90 cm. A regulated grid shocker (Coulbourn Instruments) was connected to the grid floor of the conditioning chamber to deliver the US. During the US, each of the eight grid bars was activated at 15 Hz by 8 msec current steps supplied by the constant-current source. The grid current, conventionally measured (Choi et al., 2001 ), was 1.0 mA. Mating tests were done in a different Plexiglas cage measuring 45 ϫ 25 ϫ 20 cm. The inside of the sound-attenuating cubicle was unlit (Ͻ1 lux) during fear conditioning and dimly lit by a red light bulb during the mating test. Both were viewed in real time and recorded via an infrared video camera (CB-21; Circuit Specialists, Mesa, AZ). The complete experimental session was recorded on videocassette recording tape throughout training and testing and then replayed to assess freezing and USV.
A heterodyne bat detector (Mini-2; tuned at 22 kHz; Ultrasound Advice, London, UK), positioned inside the sound-attenuating cubicle, converted 22 kHz USVs into audible sound. The timing of the footshock US was controlled by a programmable pulse generator (Master-8; A.M.P.I., Jerusalem, Israel). For offline analysis, a videocassette recorder recorded the video images, the audio output from the bat detector, a timing pulse that marks the beginning and the end of each conditioning session, and the timing of the grid current. In some cases, a highfrequency condenser microphone (model 7012; ACO Pacific, Belmond, CA) was placed inside the conditioning chamber to capture the original USV waveforms. The output of the microphone was amplified by a MA2 preamplifier (Tucker-Davis Technologies, Gainesville, FL) and then digitized (RP2.1 digital signal processor; Tucker-Davis Technologies) at 100 kHz. The RP2.1 transferred data to a personal computer running Matlab (MathWorks, Natick, MA), which was also used to analyze USVs. Figure 1 shows sonograms for USV calls that were induced by the CS (the training context) (Fig. 1 A) and the US (ejaculation) (Fig. 1 B) and recorded using the digital sound processor. Each call in a series is distinctively separated by a brief pause, typically of 100 -200 msec. The interval between the pairs of arrows in Figure 1 is the call duration. Because the present study was not concerned with fine details of the USVs, most of the analysis used the audio output from the bat detector, which is conventional and convenient for this purpose (Blanchard et al., 1991; McDonald, 1999, 2000) . The output from the bat detector was passed to an operational amplifier circuit that detected the onset and Figure 1 . Spectrograms of 22 kHz USVs elicited in control animals by mating and fear. Arrows demark an individual call in a series. The "22 kHz USVs" occur at 20 -30 kHz, they have a narrow bandwidth of 6 kHz or less, and they have been proposed to reflect a "negative affective state" (Brudzynski, 2001) . A, Context-elicited 22 kHz USVs, which could be termed a "conditional alarm signal." B, Mating-elicited 22 kHz USVs, sometimes called the "post-ejaculatory song." offset of each call using a predetermined threshold that served as an amplitude filter.
Freezing was measured identically during conditioning trials, context testing, and ejaculation. In each case, an observer pressed a button at the onset of freezing (immobility) and released it at the termination. Button presses and amplitude-filtered USV signals were simultaneously digitized at 100 Hz, and the USV data were then further filtered. Freezing was defined conventionally and required that the rat cease movement for at least 3 sec to exclude momentary pauses in activity (Lee and Kim, 1998) . To be scored as a call, the signal had to have a minimum duration of 80 msec and a minimum pause of 50 msec separating it from preceding and following calls. The purpose of this filtering was to eliminate transient noises caused by animal's movement.
Fear conditioning procedures. The conditioning experiment, for both sham-operated control and ACe-lesioned rats, consisted of 1 d of context conditioning, followed by 2 d of testing. Baseline freezing and USV to the conditioning chamber was measured for 4 min before conditioning and during the 4 min of conditioning, which consisted of five footshocks (1.0 mA, 1 sec) at 1 min intervals. Each animal was removed from the conditioning chamber immediately after the fifth shock and then returned to its home cage. Freezing and USV were therefore only measured after the first four shocks. On each of the subsequent 2 d of retention testing, animals were returned to the conditioning chamber for 8 min, during which time freezing and USV in response to this context were remeasured.
Preparation for mating. Sexual responsiveness was induced in female rats using a standard protocol (Blaustein and Wade, 1977) . Ovariectomized female rats were primed by injecting estradiol (␤-estradiol 3-benzoate; 10 g/0.1 ml sesame oil, s.c; Sigma, St. Louis, MO) and progesterone (10 g/0.1 ml sesame oil, s.c.; Sigma) 46 -54 and 4 -6 hr, respectively, before the mating test. The female rats were used only once for the mating test after each priming and were then given 1-2 d without any drugs before another cycle of priming and testing was initiated.
Mating procedure. Mating tests were performed twice on 14 subjects, 3 d before and 1 week after surgery (ACe lesion or sham operation). Seven of these animals received ACe lesions, and seven served as shamoperated controls. In each mating test, which occurred during the first and the second quarter of the night cycle, a female rat was first acclimated to the mating chamber for 10 min, and then a male was introduced. Mating sessions lasted 45 min or until the male rat engaged in an ejaculation, whichever came first. Animals were never paired with the same partner more than once.
A successful ejaculation was characterized by mounting, intromission, and vigorous pelvic thrusting, followed by post-ejaculatory USVs. Postejaculatory USVs by male rats were accompanied by a characteristic breathing pattern (Barfield and Geyer, 1972 ) that gave visual confirmation that the source of USVs was the male rather than the female rat. Male rats were given up to three mating opportunities both before and after the surgery. The end of the post-ejaculatory USV period was defined as a prolonged pause (Ͼ1 min) in vocalization and an attempt to resume mounting, at which point the rats were removed from the test chamber.
Histology. At the completion of all behavioral experiments, animals were deeply anesthetized with Nembutal, followed by halothane. They were next perfused with PBS, followed by 10% Formalin in PBS. The brain was removed from the skull, stored in 10% Formalin for a minimum of 1-2 d, transferred to a 30% sucrose solution for 3-4 d, and sectioned at 60 m with a freezing-stage microtome. Sections were mounted on gelatin-coated slides, reacted using Prussian Blue (1% potassium ferrocyanide-7.4% hydrochloric acid), and counterstained with cresyl violet dye. Each section was examined microscopically, and the full extent of each ACe lesion was reconstructed using a camera lucida (Axioscope with 2.5ϫ objective; Zeiss, Oberkochen, Germany) onto anatomically matched sections from the brain atlas of Paxinos and Watson (1998) . Photomicrographs were taken using the Zeiss Axiophot module and 2.5ϫ objective.
Results

Histology
The 18 lesioned animals incurred substantial damage to ACe and partial damage to surrounding structures. Figure 2 shows a pho- tomicrograph of bilateral ACe lesions together with histological reconstructions of the smallest and the largest lesions in the group data. None of the rats was excluded from the data analysis on the basis of histological results.
ACe lesion effects on USV and freezing during training and retention testing
All 34 rats exhibited negligible freezing or USV during the 4 min baseline period before the onset of context conditioning. The lesion effect size was so large that it was obvious in individual animals. Figure 3 shows USV and freezing in a representative sham-operated control and ACe-lesioned rat during the pretraining period, during context conditioning, and in the two retention-testing sessions. Event raster plots (Fig. 3 , two columns labeled 1) show the time course of USV in the control (Fig. 3A) and ACe-lesioned (Fig. 3B ) animals during the pretraining period (lines 1-4 on the top raster plot), during training (lines 5-8 of the top raster plot), and during the 2 d of testing (lines 1-8 of the two bottom raster plots), in which each dot represents a USV call during the sample period. During periods of "continuous vocalization," the pauses between successive calls were typically less than a few hundred milliseconds (Fig. 1) .
The level of USV was negligible during the pretraining period (Fig. 3, column 1, lines 1-4) . The control animal vocalized throughout much of the context-testing period (Fig. 3A , lines 1-8 of both test days), in contrast to the ACe-lesioned rat, whose response rate was negligible (Fig. 3B, lines 1-8 of both test days) .
The data were binned into successive 1 min blocks of time and plotted as histograms (two columns labeled 2) that summarize the temporal distribution of USV durations. The histograms show the level of responding during the 4 min pretraining period (Fig. 3 A, B , bars corresponding to lines 1-4 of the raster plot), the 4 min of context conditioning (bars corresponding to lines 5-8), and the two retention tests (lines 1-8 of test days 1 and 2). The ACe-lesioned animal failed to vocalize both during conditioning and context testing.
The temporal distribution of concomitant freezing during these same time periods is plotted in the adjacent histograms (Fig.  3, columns labeled 3) , which express freezing as a percentage of the maximum possible duration. The level of freezing was negligible in both animals during the 4 min pretraining period (corresponding to lines 1-4 of the raster plot). In contrast to the control animal (Fig. 3A) , the ACe-lesioned rat (Fig. 3B) showed almost no freezing during either day of testing.
The results from these two animals are entirely representative of the group data (Fig. 4) , with one exception. Whereas this particular control rat vocalized considerably more during day 1 of retention testing than during training, in the group data (Fig. 4) , the mean Ϯ SE rates of responding were very similar during training (28.6 Ϯ 4.0%) and on the first day of testing (26.4 Ϯ 5.4%), small differences that were not significant (Wilcoxon signed rank test; p ϭ 0.18). The lesion effect was so extreme, virtually eliminating all responding in most animals (Fig. 4) , that nonparametric inferential statistics were sometimes required be- cause of obvious variance heterogeneity. The frequency distributions of level of freezing in the control and lesioned groups did not overlap. On the first day of testing, the highest level of freezing to the context in any ACe-lesioned animal was 14.0%, whereas the lowest level in any sham-operated control rat was 25.3%. There was limited overlap in the distributions of USV because some control rats failed to vocalize, as noted below.
During training, there were significant group differences in both post-shock freezing (Mann-Whitney rank sum test; p Ͻ 0.001) and USV ( p Ͻ 0.001) (cf. Goldstein et al., 1996) . Both freezing and USV were almost completely abolished as CRs to the training context on both retention tests (Fig. 4) , an effect that was statistically significant on both test days for both USV (MannWhitney rank sum test; p Ͻ 0.001) and freezing ( p Ͻ 0.001) (cf. Antoniadis and McDonald, 2000) . Among the control animals, responding was reduced on the second day of testing by ϳ34 and ϳ22% for freezing and USV, respectively. This extinction effect was statistically significant for freezing (t (15) ϭ 3.14; p Ͻ 0.01) but not for USV (t (15) ϭ 1.33; p ϭ 0.20).
ACe lesion effects on post-ejaculatory USV and freezing
Post-ejaculatory USV and freezing, measured before and after ACe lesions, appeared to be unaffected by ACe ablation. Figure 5 shows a typical time course for USV and freezing during the post-ejaculatory period in two representative rats before (Fig. 5A ) and after (Fig. 5B ) one of them received bilateral ACe lesions and the other underwent a sham operation. The dots represent USVs, and the accompanying bars show freezing. Both animals exhibited the usual pattern of post-ejaculatory vocalization and freezing before and after surgery. There was no evidence of obligatory coupling between these behaviors in the sense that there were instances of freezing in the absence of vocalization and occasions of vocalization while not remaining immobile. In contrast to the dramatic effect of ACe lesions on training-and testing-associated freezing and USV, which is obvious even in individual animals (Fig. 3) , ACe lesions had no apparent effect on either behavior when elicited by ejaculation (Figs. 5, 6 ).
ANOVA applied to total duration of freezing in the group data (plotted in Fig. 6 A) revealed no significant effect of surgical condition (F (1,12) ϭ 0.96; p ϭ 0.35) or session (F (1,12) ϭ 0.075; p ϭ 0.79), and the surgery ϫ session interaction (F (1,12) ϭ 0.52; p ϭ 0.82) was also insignificant. There was also no significant effect of the lesion on USV, which was evaluated in three ways: total duration, number of calls, and mean call duration (Fig. 6 B-D) . For total USV duration (Fig. 6 B) , there was no significant effect of surgical condition (F (1,12) ϭ 2.13; p ϭ 0.17) or session (F (1,12) ϭ 0.022; p ϭ 0.88), nor a significant surgery ϫ session interaction (F (1,12) ϭ 0.51; p ϭ 0.49). Similarly, for a number of USVs (Fig.  6C) , there was no effect of surgical condition (F (1,12) ϭ 1.70; p ϭ 0.22) or session (F (1,12) ϭ 0.0098; p ϭ 0.92), and the surgery ϫ session interaction (F (1,12) ϭ 0.18; p ϭ 0.68) was insignificant. There was also no significant lesion effect on the average duration of individual calls (Fig. 6 D) or surgical condition (F (1,12) ϭ 0.023; p ϭ 0.88) or session (F (1,12) ϭ 0.011; p ϭ 0.92) and the surgery ϫ session interaction was insignificant (F (1,12) ϭ 0.15; p ϭ 0.71). Table 1 shows the correlations among these behaviors as a function of the eliciting condition. The symbols in Table 1 were shortened to a two-letter code, in which the first letter, F or V, indicates the type of behavior (freezing or vocalization) and the second letter, T, E, or R, indicates the eliciting condition (training, ejaculation, or retention testing). The first numerical entry in Table 1 is the Spearman r for the combined groups, and the second is the Pearson r for the sham-operated control group. Overall, the correlation matrix reveals that levels of freezing and USV covary strongly when these behaviors are elicited during training or retention testing but not when elicited by ejaculation.
Statistical relationships among the behaviors
In the combined data set, none of the nine Spearman correlations with ejaculation-elicited behaviors was statistically significant, but all of the remaining six Spearman correlations associated with training and retention testing-elicited behaviors were significant ( p Ͻ 0.01). Freezing and USV were strongly correlated during both training (r ϭ 0.71) and testing (r ϭ 0.63). Freezing rank order during training accounted for ϳ68% of the variance in freezing rank order during testing and ϳ49% of the variance in USV rank order during testing. The overall pattern of correlations was similar in the subset of sham-operated control animals. None of the nine Pearson correlations with ejaculationelicited behaviors were significant, but five of the six remaining Pearson correlations with training-and retention-elicited behaviors were significant ( p Ͻ 0.05). Among the control animals, freezing and USV were again strongly correlated during both training (r ϭ 0.88) and testing (r ϭ 0.82). Freezing during acquisition accounted for 58% of variance in freezing during retention testing and 35% of the variance in USV during retention testing.
The temporal relationships between the onsets of freezing and USV depended on whether these responses were elicited by the context or ejaculation. Figure 7 shows the mean Ϯ SE latency to the first USV call and to the first episode of freezing in response to the context and after ejaculation. Because some sham-operated control rats (n ϭ 16) failed to vocalize (cf. Lee et al., 2000) during training (2 of 16) or retention testing (3 of 16), the values in Figure 4 . Lesion effects on freezing and USV during training and retention testing. Mean Ϯ SE percentage of time spent freezing and vocalizing in sham-operated animals (S; white bars) and ACe-lesioned rats (L; black bars). Percentages for the training session were computed on the basis of data collected during the 4 min period between the first and fifth shock. Percentages for testing were computed on the basis of the entire 8 min session. Responding was almost completely abolished in the lesioned rats (*p Ͻ 0.001 for the designated comparison). Among the sham-operated control animals, the levels of freezing and vocalization were similar during training and the first day of retention testing. During the second day of extinction, responding was reduced in control rats by ϳ34 and ϳ22% for freezing and USV, respectively. Figure 7 reflect the mean latencies of those that did vocalize. The mean onset latency was significantly shorter for freezing than for USV during both training (paired t test; t (13) ϭ 2.24; p Ͻ 0.05) and retention testing (paired t test; t (12) ϭ 2.77; p Ͻ 0.05) (Fig. 7A) . After ejaculation, however, the mean onset latency was shorter for USV than for freezing (Fig. 7B) , differences that were not statistically significant (paired t test; t (13) ϭ 0.79 and 0.35, respectively, for preoperative and postoperative measures).
Ejaculation-produced USV commonly began in association with grooming and licking of lower body parts. By definition, the latter two behaviors precluded freezing in the beginning of the post-ejaculatory vocalization period. Freezing increased as the frequency of grooming and licking declined but was sometimes interrupted by changes of position, which could be initiated by an approaching female partner (cf. Barfield and Geyer, 1972) . The different relative onset latencies seem to reflect that fact that ejaculation is associated with behaviors that are compatible with USV but not freezing, whereas the training context does not elicit these competing behaviors.
Discussion
The results are inconsistent with the motor-deficit hypothesis (Fig. 8 A) for freezing. The reason that ACe-lesioned rats fail to exhibit freezing CRs clearly is not because they are physically unable to remain immobile, because freezing after ejaculation was entirely normal (Figs. 5, 6 ). The motor-deficit hypothesis (Fig. 8 A) can neither account for this fact nor the fact, further discussed below, that levels of freezing and USV were positively correlated when elicited as CRs but uncorrelated when elicited as unconditional responses (URs) ( Table 1) . The ACe lesion effect was not limited to freezing as a CR. Context-elicited USV was also impaired (Figs. 3, 4) . More generally, we know that the effect of ACe damage is not limited to persistent CRs, such as freezing and USV. Circumscribed damage to ACe also blocks conditional eyeblink facilitation (Choi et al., 2001 ), a CR that appears to peak near the expected time of the US (Lindquist and Brown, 2002) .
CR-deficit hypothesis
A parsimonious alternative hypothesis is that the motor regions of the brainstem that are necessary to produce freezing and USV are independently accessible through parallel CS-CR and US-UR pathways (Fig. 8 B) . Interference with amygdalar function at the time of testing appears to block or impair all conventional Pavlovian CRs to aversive conditioning that have been carefully studied. In addition to the three CRs already mentioned, the list includes autonomic responses, analgesia, defecation, certain audible vocalizations, and startle facilitation (Kapp et al., 1979; Hitchcock and Davis, 1986; Iwata et al., 1986; Fanselow and Helmstetter, 1988; Lee et al., 2000; Fendt, 2001; Borszcz and Leaton, 2003) . On the other hand, AM damage clearly does not prevent freezing and USV as URs to ejaculation (Figs. 5, 6 ). Two recent studies have shown that freezing is also spared as a UR in AM-lesioned rats when the US is a natural predator odor (Wallace and Rosen, 2001; Fendt et al., 2003) . These studies are worth repeating with lesions restricted to ACe.
Parallel access to independent motor centers
There was no evidence of obligatory coupling between the motor centers that control freezing and USV on the basis of the cooccurrence of these behaviors, their sequencing, or correlations between them. Under all experimental conditions, either behavior could occur in the absence of the other (Figs. 3, 5) , and their relative onset latencies depended on the eliciting conditions (Fig.   Figure 5 . Time course of USV and freezing after ejaculation in two representative animals before and after one of them received bilateral ACe lesions and the other received a sham operation. A, USV and freezing in both animals before surgery. B, Postoperative USV and freezing in the same two animals. Freezing and USV after ejaculation were unaffected by ACe lesions in these two animals, mirroring the group data (see Fig. 6 ). A, There were no significant differences between experimental and control animals in the mean duration of freezing. B-D, There were also no significant differences between experimental and control animals in regard to the mean USV duration ( B), the mean number of calls ( C), or the mean call duration ( D). 7). When these responses were elicited by the context, and therefore ACe dependent, the mean onset latency was shorter for freezing than for USV (Fig. 7A) . In contrast, when they were produced after ejaculation, and therefore ACe independent, the mean onset latency was shorter for USV than for freezing (Fig. 7B) .
The six significant correlations among freezing and USV associated with conditioning and testing (Table 1) presumably reflect the fact that these behaviors are all triggered or controlled by ACe output that is elicited by the same context. The nine insignificant correlations (Table 1) suggest that, during the postejaculatory period, the motor centers for freezing (Bandler et al., 1985; Fanselow, 1991; Depaulis et al., 1992) and USV (Brudzynski and Bihari, 1990; Brudzynski, 1994; Brudzynski and Barnabi, 1996) are not both being driven by a common input but rather by parallel circuits, neither of which depends on ACe. Our working hypothesis (Fig. 8 B) is that the motor centers responsible for freezing and USV can function independently of each other and can therefore have uncorrelated outputs unless they are separately controlled by correlated inputs or jointly driven by a common input, such as ACe, when the eliciting stimulus is a CS.
Interpretation of responding during acquisition
The CR-deficit hypothesis implies that freezing during training is primarily or entirely a CR to the conditioning context rather than a UR to the shock (Fig. 8 B) . This interpretation was motivated by Fanselow's discovery that, when rats are shocked after being placed in a novel context, they do not freeze unless the shock onset is sufficiently delayed to support context conditioning (Fanselow, 1980) . The implication, that freezing during training represents the immediate expression of context conditioning rather than a UR to shock (Fanselow and Lester, 1988; Fanselow, 1989) , suggests a simple explanation for the sizable shared variance in freezing during training and testing (Table 1 and associated discussion). Recall that 58 -68% of the variance in freezing during retention testing was predicted by freezing during training.
The obvious explanation, based on Fanselow's results, is that the immediate expression of context conditioning is a good predictor of its expression 1 d later. The sizeable shared variance might not have been expected if, for example, post-shock freezing were a UR to the shock or a non-associative form of sensitization. If both post-shock freezing and USV are presumed to reflect context conditioning, then the CR latency data (Fig. 7A) imply that context conditioning tended to reach threshold for expressing both CRs within two US presentations (Fig. 7A) . The reason is that the mean Ϯ SE latencies for training-produced freezing (74 Ϯ 7 sec) and USV (113 Ϯ 22 sec) (Fig. 7A, left) were both less than the latency of the third US presentation (120 sec) (Fig. 3,  column 1) .
Suggestions for additional analysis
The present results immediately suggest three additional lines of research. The first concerns the use of electrolytic lesions, which were chosen to be consistent with the bulk of the research on ACe. Temporal relationships between USV and freezing as a function of the eliciting condition. A, Mean Ϯ SE latencies to the first USV (black bars) and to the first freezing episode (white bars) during training (left) and testing (right). Latency was measured during training from the time of the first shock US. During retention testing, latency was measured from the time the animal was introduced into the conditioning chamber. Data are from sham-operated rats (ACe-lesioned animals fail to vocalize and freeze during conditioning and testing). Asterisks denote that the mean freezing latency was significantly shorter than the mean USV latency during both training and retention testing ( p Ͻ 0.001). B, Mean Ϯ SE latencies to the first USV and the first instance of freezing during the post-ejaculatory period. The post-ejaculatory latencies were measured from the time of last mounting. The mean latency order was reversed in this case, being shorter for USV than for freezing, but the differences between the means were not statistically significant. The mean onset latencies for USV and freezing were unaffected by ACe lesions.
Figure 8. Two interpretations of ACe lesion effects.
A, The rejected motor-deficit hypothesis, according to which ACe lesions should block freezing when elicited as a CR and UR but have no effect on USV, however elicited. B, The CR-deficit hypothesis, according to which ACe lesions should block both freezing and USV when elicited as CRs to aversive conditioning but have no effect on either behavior when elicited as URs to ejaculation. The core idea is that conventional Pavlovian CRs to aversive conditioning are all funneled through ACe to the relevant motor centers, which can be independently driven by some USs. Solid lines with arrows, CS-CR pathways; broken lines with arrows, US-UR pathways; F, freezing; V, vocalization. The first entry is the Spearman r for the entire data set, and the second entry is the Pearson r for the sham-operated controls. F, V, Behavior measured (freezing or vocalization); R, T, E, eliciting condition (retention testing, training, or ejaculation). *p Ͻ 0.05; **p Ͻ 0.01. The sample size is smaller for ejaculation-elicited freezing and USV (n ϭ 14) than for conditioning-associated freezing and USV (n ϭ 34).
Neurotoxic lesion studies (Jarrard, 1989) will be needed to determine whether the ACe lesion effects reported here and previously (for additional discussion, see Choi et al., 2001 ) result from eliminating neurons whose cell bodies lie within ACe, as we tentatively assume, on the basis of the functional neuroanatomy (LeDoux et al., 1988) , or from damaging axons in ACe whose somata are located elsewhere. The present analysis is not inconsistent with the possibility that the observed lesion effects reflect damage to fibers of passage, as claimed in one preliminary report (Lee et al., 2002) . The second concerns our inference that post-shock USV, like post-shock freezing, is a CR to the context. Whereas Fanselow measured freezing but not USV (Fanselow, 1980) , the circuit model (Fig. 8 B) predicts that the results would be the same if USV were the CR. This expectation is not unreasonable, because freezing and USV tend to covary strongly as defensive CRs (Table 1 ) (Lee et al., 2000) , but additional studies will be needed to test this prediction. Certain audible post-shock vocalizations are in fact URs that are organized by circuitry lower in the neuraxis than the amygdala (Borszcz and Leaton, 2003) .
A third concerns the generality of the CR-deficit hypothesis. Although ACe lesions do appear to block or impair every relevant Pavlovian CR, we certainly cannot conclude that these lesions have no effect on any URs (Borszcz and Leaton, 2003) . The limits of this hypothesis can be further explored by analyzing the effects of ACe lesions on additional behaviors that can be elicited both as CRs and URs. Conditional eye-blink facilitation (Lam et al., 1996) might serve this purpose. Whereas ACe lesions are known to eliminate facilitation of the eye-blink reflex as a CR to a cue (Choi et al., 2001 ), we do not know whether the same lesions also diminish eye-blink facilitation as a UR, for example, to a natural predator odor, a loud noise, the sight of a cat, or a distress signal from a conspecific (Blanchard et al., 1991 (Blanchard et al., , 2003 Brudzynski and Chiu, 1995; Powers et al., 1997; Brudzynski, 2001; Dielenberg and McGregor, 2001; Wallace and Rosen, 2001 ).
Mnemonic functions of ACe
Although normal ACe function clearly is required to express Pavlovian CRs to aversive conditioning, there is no compelling evidence regarding the exact nature of its role in CR production. One possibility is that ACe circuitry is necessary simply by virtue of being an essential part of the final common pathway for CR elicitation (LeDoux, 2000) , as suggested by the circuit in Figure  8 B. This "funnel hypothesis" furnishes a parsimonious explanation for the fact that ACe lesions blocked freezing and USV as CRs but not as URs and also the finding that these behaviors were strongly correlated when elicited as CRs but not when elicited as URs (Table 1) .
However, there is reason to suspect that the role of ACe in Pavlovian fear conditioning is not limited to relaying neural CRs to the relevant motor centers (Borszcz and Leaton, 2003) . Because ACe receives a direct US input from pain pathways (Gauriau and Bernard, 2002) , it is conceivable that CS-US pairings can create neuronal modifications within ACe that are necessary or important for CR production. Furthermore, there is evidence that the output from the amygdala may control memory formation or consolidation in certain circuits to which the amygdala projects (Dalmaz et al., 1993; Choi et al., 2001) , such as the basal ganglia (Robinson and Beart, 1988; Brog et al., 1993; McDonald, 2003) . In this regard, it is worth noting that ACe itself is arguably a substructure of the basal ganglia (Swanson and Petrovich, 1998; McDonald, 2003) .
